The International Prognostic Index (IPI) has been the basis for determining prognosis in Compared to the IPI, the NCCN-IPI better discriminated low and high risk subgroups (5-year overall survival [OS]: 96% vs 33%) than the IPI (5 year OS: 90% vs 54%), respectively. When validated using an independent cohort from the British Columbia Cancer Agency (n=1,138), it also demonstrated enhanced discrimination for both low and high risk patients. The NCCN-IPI is easy to apply and more powerful than the IPI for predicting survival in the rituximab era.
Introduction
The International Prognostic Index (IPI) is a powerful prognostic tool developed more than 20 years ago based on the clinical characteristics of over 1,000 patients with diffuse, aggressive lymphomas treated with CHOP (cyclophosphamide, doxorubicin, vincristine and prednisone)-like chemotherapy 1 . It has since served as the basis for determining prognosis among patients with diffuse large B-cell lymphoma (DLBCL). Five clinical characteristics including age, LDH, number of extranodal sites, Ann Arbor stage, and Eastern Cooperative Oncology Group (ECOG) performance status, were used to risk stratify and to identify four discrete risk categories. Assignment to the high risk subgroup (4 or 5 risk factors) was associated with a 26% 5-year overall survival (OS). Since the late 1990's, the addition of rituximab (R) to conventional CHOP (cyclophosphamide, doxorubicin, vincristine and prednisone) or CHOP-like regimens for DLBCL has resulted in a major improvement in survival across all risk groups 2, 3 .
As a result, the capacity of the IPI to discriminate between risk groups has declined, especially among the higher risk patients 4, 5 . Analysis of pooled data from 3 European trials (MInT, MegaCHOEP and RICOVER-60) 4 that enrolled adult DLBCL patients treated with R-containing regimens, demonstrated a 5-year OS in the IPI-defined high risk group of approximately 50%.
The Kaplan-Meier curves for OS showed a convergence of high-intermediate (H-I) and high risk (H) categories. Efforts to improve the model's discrimination have focused on adding new
clinical prognostic factor(s) to the initial index 6 , regrouping the original IPI score 5 , or specifically focusing on elderly patients (E-IPI) 7 . These approaches, however, have resulted in only incremental improvements. Using the revised IPI (R-IPI), Sehn et al. reported a 5-year OS still no lower than 50% in the poor risk group from the British Columbia lymphoid cancer registry. New tools for the rituximab era are needed.
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In parallel, efforts to characterize the biologic basis for prognosis in DLBCL using immunohistochemical or molecular techniques have identified a variety of biomarkers and gene signatures with prognostic significance [8] [9] [10] [11] [12] [13] . For the most part, these novel prognostic markers are independent of the clinically based IPI but add little to its prognostic power 14 
Patients, Materials, and Methods

Patient Cohort
The NCCN NHL database for prognostic index development
The formation and data structure of this multicenter NCCN NHL database has been previously reported 16 
Statistical Methods
Development of NCCN-IPI
Descriptive statistics of baseline clinical features were generated as proportions (categorical factors) or means, standard deviations and interquartile ranges (continuous factors).
Extreme outlier values, such as in LDH, were verified by chart review of the original data. Only cases with complete required clinical information were used in the analysis. This approach was unlikely to introduce bias because data were missing at random without knowledge of outcomes 1 .
The training set of the NCCN cohort consisted of 85% of the sample and the remaining 15% was initially reserved for internal validation. Using the training set, the univariate association between individual clinical prognostic factors and overall survival was analyzed
For personal use only. on October 31, 2017. by guest www.bloodjournal.org From using the Cox proportional hazard (PH) model using p-value <0.1 for significance. An indicator for each individual extranodal site (CNS, bone marrow, liver/gastrointestinal (GI) tract, lung and other sites as well as spleen) was included. Special efforts were made to examine the linearity assumption of age and LDH ratio as continuous variables with respect to effects on survival using restricted cubic splines 18 , followed by refined categorization of both variables in the Cox model to minimize the Martingale residuals 19 . For age, this was done by 20-year increments, instead of dichotomizing age at 60. This was performed similarly for LDH ratio, based on the linearity check and how it minimized the Martingale residuals in the model.
Significant factors from univariate selection were kept in the multivariate analysis using backwards selection as well as by SCORE method for the best predictor set. Global model fitting was assessed by Akaike Information Criteria (AIC), in which a lower value indicated a better fit.
Index scores were assigned proportionally to the estimates of the relative contribution of the significant factors in the final prognostic model. Risk strata were formed according to the proximity of Kaplan-Meier (K-M) curves for each score value (0 to 8). Data were also risk stratified according to the original IPI and were compared to the NCCN-IPI for model fitting and 5-year OS rates across different risk groups.
Validation of NCCN-IPI and comparison with IPI
Our findings were initially examined using the internal validation sample consisting of 15% of the NCCN dataset. Subsequently, validation of the NCCN-IPI was carried out using the independent BCCA cohort. Datasets from NCCN and BCCA were compared for patient demographic and clinical characteristics. Discrimination of the NCCN-IPI and IPI was measured by the concordance probability index (CPE) along with its 95% confidence interval (CI) in both 21 . All analyses were conducted using SAS software (SAS Institute Inc., Cary, NC). P values less than 0.05 were considered statistically significant, unless otherwise specified.
Results
Cohort Characteristics
The training set of the NCCN cohort consisted of 1,935 patients, of whom 1,650 had complete clinical information to be included in the analysis. The BCCA external validation cohort consisted of 1,138 patients with complete information. The presenting characteristics of patients in both cohorts were compared in Table 1 . Of note, patients in the NCCN cohort were younger compared to the BCCA cohort (median age: 57 vs. 63), had better ECOG PS (PS 2-4:
11% vs. 37%), but a higher percentage of extranodal involvement in major organs (36% vs. 25%)
including CNS, bone marrow, liver/GI tract or lung. Median follow-up was 3.1 years in the NCCN cohort and 3.2 years in the BCCA cohort.
Development of NCCN-IPI
The univariate analysis of baseline characteristics revealed that age, LDH ratio, advanced stage (Ann Arber stage III/IV), ECOG PS (≥ 2) and presence of bulky disease significantly affected OS, whereas B symptoms did not. Gender had only borderline significance (p=0.16).
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Lymphomatous involvement in major organs (bone marrow, CNS, liver/GI tract or lung) appeared to be a stronger predictor (p<0.001) than the number of extranodal sites (>1) which was not significant. Each of extranodal sites listed above was chosen as being individually significant and remained significant as a group in the selection. Splenic, genitourinary or bone involvement were not significant. Effect of continuous age on survival was linear and a 15-20 year increment of age (age >40-60, >60-75 and >75 yrs.) with age ≤ 40 as reference category provided the optimal model fit (Supplement - Figure 1) . However, the effect of normalized LDH was not linear and reached a plateau at a ratio of 3 (Supplement - Figure 2 ). In turn, LDH ratio was categorized into >1-3 and >3 using normal LDH (ratio (Table 4 and Figure 1 ).
Validation of NCCN-IPI
Whereas the internal validation sample (n=301) showed better risk discrimination with the NCCN-IPI than the IPI (5-yr. OS 42% vs. 63%, respectively, in the high risk group and 96% vs 90% in the low risk group; Supplement - Figure 4) , we proceeded to validation with the substantially larger external dataset from the BCCA.
The NCCN-IPI was found to be prognostic in the BCCA cohort and, notably, 14% of patients were classified as high risk. The 5-year K-M OS estimates between NCCN-IPI and IPI differed substantially in the high risk group, 38% (95% CI: 29-46%) vs. 43% (36-49%), as well as in the low risk category, 96% (95% CI: 90-99%) vs. 84% (80-88%). The high mortality rate (43%) observed in the high risk category from the BCCA cohort could be related to senior age and overall poorer performance status compared to the NCCN cohort. The absolute difference in survival between the low and high risk groups was 58% with NCCN-IPI stratification, compared to 41% with IPI stratification in the BCCA cohort (Table 4 and Figure 2 ). Table 1 ). The weighted κ statistics suggested that the risk classification by the 2 indices agreed to a moderate degree and were sufficiently different in both cohorts (weighted κ: 0.60) (Supplement - Table 1 ). The greater capacity of the NCCN-IPI to risk stratify was maintained in the external validation.
Discussion
For the past 20 years, the IPI has been the basis for initial risk stratification for patients with DLBCL, facilitating treatment selection, balance within clinical trials, comparison among studies and discussion with patients regarding prognosis. However, its capacity to discriminate among risk groups, has declined with the addition of rituximab to anthracycline-containing therapy. The enhanced NCCN-IPI, built on unselected patients with newly diagnosed DLBCL from NCCN centers with contemporary data has shown an improved capacity to discriminate clinically important risk groups.
The search for novel indices utilizing IHC markers or gene expression signatures has not yet led to a robust index for routine clinical use [8] [9] [10] [11] [12] [13] 22, 23 . This is largely the result of intrinsic limitations in the application of these markers related to technical limitations or poor reproducibility. The extent to which biologic markers improve the prognostic value of the IPI has been the subject of recent debate 14 . Furthermore, controversy remains as to which gene set and/or collection of IHC markers is best for prognostication 24 . In addition, there is substantial statistical complexity to building such a composite model. Whether the addition of biologic markers, such as translocations involving MYC, BCL2 and BCL6 to the NCCN-IPI will enhance its capacity to prognosticate will require investigation.
The current NCCN-IPI was developed using traditional clinical factors but provides increased capacity to discriminate both high risk (with 5-yr OS <50%) and low risk patients with previously untreated DLBCL. In contrast to the original IPI, which was based on patients with "diffuse aggressive lymphomas" enrolled on clinical trials, the NCCN-IPI derives from unselected patients with a confirmed diagnosis of DLBCL enrolled at participating NCCN institutions in the rituximab era. Although patients seen at academic medical centers likely represent some degree of self-selection, the validation of the NCCN-IPI in the independent population-based BCCA cohort which includes patients treated in the community setting supports its generalizability. Differences in patient characteristics between the two cohorts represent a study strength rather than a limitation. In comparison to the E-IPI, a modification of the IPI specifically for elderly patients, the NCCN-IPI similarly identifies advanced age (60-75
and > 75) to be associated with incremental risk and encompasses such risk in a single index.
Moreover, there have been reports associating gender, especially in combination with older age and low body mass index (BMI) with worse outcomes, possibly related to rituximab metabolism 25 . The addition of gender to the model did not substantially enhance its capacity to predict outcome, so interactions of gender with age and BMI were not explored further for this analysis. It was our intention to keep the index simple to use and applicable to all patients.
Both the NCCN-IPI and original IPI include a similar set of clinical factors for prognostication and recognize 4 risk groups, with the former applying a refined categorization of age and normalized LDH to better capture the associated increased risk of mortality. This was achieved by observing the best evidence during statistical modeling. Indeed, these two characteristics may be surrogates for disease biology. Klapper et al. 26 reported that age at diagnosis of DLBCL correlated with the molecular profile with genetic alterations previously shown to confer a poor prognosis in DLBCL accumulating with age. These included, for example, ABC subtype, MYC or BCL2 expression, gains and translocations affecting the BCL6 locus as well as other complex cytogenetic alterations. In their analysis, when age was incorporated into their multivariate analyses, much of the genetic complexity lost its prognostic significance, further supporting the notion of age as an important surrogate in this context.
Similarly, in an earlier study, if LDH was merely dichotomized into "normal" vs. "abnormal," .
Limitations of the current study are principly those typically associated with observational studies using large healthcare databases. We attempted to safeguard against data entry errors by verification of original records for outlier values. Close to 15% of subjects in the original cohort had missing values in one or more clinical features and were deleted from the data analysis. Since information was collected at presentation irrespective of outcomes, it is likely that these were missing at random and, therefore, should not bias results. Although, as anticipated, the difference in discrimination in the high risk group was less dramatic in the BCCA validation cohort (5-yr OS: NCCN-IPI 38% vs IPI 43%) compared to that in the NCCN cohort (NCCN-IPI 33% vs IPI 54%), the difference in discrimination of the low risk groups was more so (NCCN-IPI 96% vs IPI 84% compared to NCCN-IPI 96% vs IPI 90%, respectively).
The BCCA cohort had higher proportions of elderly males and patients with documented poor performance status. These differences may explain a lower 5-year OS in the BCCA high risk group. It is worthwhile noting that both cohorts are unselected and from real-world settings. It will be important to validate the NCCN-IPI using pooled clinical trial data for its performance.
In conclusion, the NCCN-IPI is a robust and useful tool to stratify prognostically relevant subgroups of DLBCL patients in the current era of rituximab-based therapy. Compared to the IPI and other modifications of the IPI, it better incorporates two known continuous prognostic variables, age and LDH, in a rational way that is both simple to apply and valid in the rituximab era. With its enhanced capacity to discriminate risk groups, it has value in treatment planning and in discussions of prognosis. Its utility can also be found in stratification of future randomized clinical trials. As there is continued enthusiasm for defining a high risk group in the R-CHOP era, the NCCN-IPI will be useful in identifying candidates for novel approaches including postremission therapies such as intensification with autologous stem cell transplant or consolidation/maintenance with new targeted agents. Patients within the lowest risk group may be treated with traditional R-CHOP with excellent outcomes. Whether the NCCN-IPI will retain its robust capacity for risk stratification in the context of targeted therapies and novel biomarkers will need to be investigated.
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